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^D . Abstract 

(N 

A large forward-backward asymmetry in tt production, for large invariant mass of the tt system, has 
been recently observed by the CDF collaboration. Among the scalar mediated mechanisms that can 
_^ . explain such a large asymmetry, only the f-channel exchange of a color-singlet weak-doublet scalar is 

^^ ' consistent with both differential and integrated tt cross section measurements. Constraints from flavor 

fT^ , changing processes dictate a very specific structure for the Yukawa couplings of such a new scalar. No 

sizable deviation in the differential or integrated tt production cross section is expected at the LHC. 
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1 Introduction 

The CDF collaboration has recently observed a large forward-backward tt production asymmetry for large 
invariant mass of the ti system [T] : 

Af = A*\Mu > 450 GeV) = +0.475 ± 0.114 , (1) 

to be compared with the Standard Model (SM) prediction [1 HU, (^l%j,^ = +0.09 ± 0.01. Eq. ^ 
updates (and is consistent with) previous CDF and DO measurements of the inclusive asymmetry [S] E] . 
Such a large effect is suggestive of an interference effect between a tree level exchange of a new boson with 
an electroweak-scale mass and the SM gluon-mediated amplitude. The intermediate boson could be either 
a vector-boson or a scalar. In this work, we focus on the latter possibility [71 151 1^ [TUl [TTl [T^ [ni [T^ [T51 [TBI 
[T71 [T51 [T^ . (For earlier work on scalar mediated mechanisms that give a large inclusive forward-backward 
asymmetry, see Refs. [201 Ell 123 HI IMl 123 •) 

Eight scalar representations can interfere with the SM in tt production at the Tevatron: 

(6,1)_4, (6,l)_i, (6,3)_i, (3,1)_4, (3,l)_i, (3,3)_i, (8,2)_i, (1,2)_.. (2) 

In Section 121 we argue that only the color-singlet weak doublet (l,2)_i can enhance Aj* without be- 
ing inconsistent with existing measurements of the total ti production cross section or invariant mass 
distribution. 

Guided by the top-related collider measurements, we focus our attention on the weak doublet. Given 
that 0(1) coupling is required to either ui or di, the weak doublet cannot be the ordinary Higgs doublet, 
nor can it be incorporated into a two Higgs doublet model with "natural flavor conservation" . It is thus 
clear that the scalar sector of the theory has a special flavor structure. In this work, we emphasize the 
interplay between the features required to explain the top-related measurements and the flavor constraints. 

The plan of the sections investigating the color-singlet weak-doublet scalar is as follows. In Section [3] 
we introduce our notation and formalism for the investigation of the extra weak doublet. In Section j?] we 
show how flavor-related observables allow for only a very specific flavor structure of the scalar doublet. 
The implications for electroweak precision measurements are studied in Section |5l and for additional 
top- related observables in Section [51 We summarize our results in Section [71 

2 Top-related constraints 

When new physics is invoked to account for the large value of A^*, one has to make sure that such new 
physics does not violate the constraints from other top-related measurements. Specifically, we consider 
the following measurements: 

(i) The forward-backward tt production asymmetry for small invariant mass of the ti system [T] : 

Af = A*\Mti < 450 GeV) = -0.116 ± 0.153 , (3) 

to be compared with the SM prediction [2], Af = +0M0 ± 0.006. 

(ii) The ti differential cross section [21] . We represent this constraint by considering a particular Mjj 
bin: 

ah = cr** (700 GeV < Mti < 800 GeV) = 80 ± 37 fb , (4) 

to be compared with the SM prediction [21127]. g^ = 80 ± 8 fb. 

(iii) The ti total production cross section measured at CDF [2H] , 

a, = cr**t = 7.50 ±0.48 pb, (5) 



consistent with DO measurements [33]. Some controversy exists regarding the theoretical SM prediction. 
Ref. [20] obtains a.i = 7.2 ± 0.4 pb, consistent with previous results [3T], but in some disagreement with 
Ref. [17] which obtains ai ~ 6.5 ± 0.3 pb. In what follows, we conservatively allow a ^^qS uncertainty on 
the tt total production cross section. 

For each of the eight representations of Eq. ^ , only few parameters are relevant to the calculation of 
the tt production cross section and forward-backward asymmetry. Typically, these parameters include the 
mass M, a coupling |Ap, and the width F. In some cases, there is more than one coupling of relevance, 
forming a slightly more involved parameter space. In practice, in all cases we find that varying the 
width between F — (0.01 — 0.5)M does not affect the results significantly. The most essential features, 
such as the sign of the leading interference terms with the SM diagrams and the possibility of forward- 
peaking kinematical features, are dictated purely by the choice of representation. This situation enables 
us to compute the top-related observables for each of the representations, and check for consistency with 
collider data, in a model-independent way. 

The details of our calculation for each representation are given in App. |XJ We work at FO, using the 
MSTW2008 FO PDF set !32, and adopting renormalization scale and factorization scale fij^ — /if = -x/I, 
where s is the partonic center of mass energy. Where not stated otherwise, we use as{mz) = 0.139. 
We estimate the uncertainties in our calculation by varying the renormalization and factorization scales 
within the range (0.5-\/s — 2-\/I), by comparing the results to results obtained using the CTEQ5M PDF 
set [33], and by varying the value of as(™z) in the range (0.117 — 0.139). The largest uncertainties we 
find arise from varying as, leading to an uncertainty on A** which can be as large 10% — 30%, but is 
typically smaller. We checked that these uncertainties do not affect our conclusions. In order to minimize 
the impact of NFO corrections to the new physics (NP) contributions, we normalize the new physics 
contribution to the SM one [34]. We assume that the if- factors are universal, so that the NP/SM ratios 
at FO and NFO are the same. 

We (conservatively) consider a parameter region as ruled out if any of the following conditions applies: 
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(6) 

Our main result is that, except from the color-singlet weak-doublet (l,2)_i/2, all of the other scalar 
representations are ruled out from explaining the large forward-backward asymmetry Eq. (|T]) . The reason is 
that all of the colored representations enhance the tt production cross section at low and/or high invariant 
mass, in conflict with experimental data. Thus, if the parameters relevant for these representations are 
tuned to pass the first criterion in Eq. (jH]), they inevitably fail on at least one of the last two criteria. 

For the color sextet and triplet, this tension was mentioned in Refs. [7] and [9], respectively, but was 
not taken to imply that the models are excluded. It was also pointed out in Ref. [11) . 

In Table [T] we present, for each representation, the largest value of ^"^p which passes each of the 
remaining criteria of Eq. ©. A failure on any of these criteria is manifest through a value of ^"^p < 0.2. 
A failure of a certain representation to account for the forward-backward asymmetry is manifest through 
at least one entry in the three columns that has A"np < 0.2. 

The small (l,2)_i/2 parameter region which survives all of the conditions of Eq. (jH]) is shown in the 
left panel of Fig. [1] Here, the scalar couples the top to up quarks (see Section [3] for details on the 
scalar couplings). The allowed region, where large A" can be obtained without violating cross section 
constraints, has M < 130 GeV and 0(1) coupling. (The fact that a color-singlet weak-doublet scalar can 
explain the CDF value of A" was first pointed out in Ref. [10] . They use methods of effective field theory, 
and thus do not derive bounds on the mass and couplings of the scalar.) Our results are consistent with 
the results of Refs. [T3J [1^1 [TT] . The allowed parameter region extends to low scalar mass, without conflict 



Table 1: The maximum value of A^^-^p for a given top-related constraint. 
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with tt cross section measurements, due to interference with the SM s— channel gluon exchange diagram. 
The interference reduces the forward-backward symmetric and enhances the asymmetric production cross 
section. Considering LEPII searches we limit the discussion to scalar mass larger than 100 GeV. For M 
below rrit , top decay to the weak-doublet can effect the parameter space depicted in Fig. [T] See discussion 
in Section ing 

In the right panel of Fig. [1] we plot A" together with contours corresponding roughly to the la allowed 
ranges for the cross sections and low bin asymmetry. We see that the low bin asymmetry places the 
tightest constraint on the doublet model. No parameter region is found with ^" > 0.2 and A" < 0.1. 

At the Tevatron, if the coupling involves right-handed up quarks (u-type), then tt production could 
feed off the uu and/or the dd luminosity. On the other hand, if the coupling involves right-handed down 
quarks (d-type) , then tt production must feed off the dd luminosity. Since the dd luminosity makes up 
only < 15% of the uu luminosity at high invariant mass, producing Aj^ via the d-type coupling requires a 
larger coupling for a given value of the scalar mass. Thus, the d-type coupling is more tightly constrained 
by the tt cross section measurements and, as can be seen in Table [U it fails the Ni and Nh criteria of 
Eq. dSD. 

Despite this tension of d-type coupling with the tt cross section, in what follows we keep the d-type 
coupling in the discussion. We do this mainly to cover the possibility that both u- and d-type couplings 
occur in conjunction, leading to potential combined effects that could in principle broaden the allowed 
parameter range. Eventually, we will show that flavor constraints preclude this possibility. 

It was pointed out in Refs. [111135] that models in which ii production proceeds via i— channel exchange 
can have sizable corrections to the parton level tt cross section, as deduced by CDF. While such acceptance 
issues are not relevant for the color sextet and triplet representations, the cross section constraints quoted 
here for the color singlet and octet could be somewhat over restrictivelj For the color singlet, these effects 
might extend the allowed parameter region depicted in Fig. [T] to include slightly larger values of M and 
A. For the color octet, we have checked that even relaxing the total cross section constraint by a factor of 
three, would not allow to explain A" with M > 100 GeV. 

Finally, we comment that the same interference mechanism which helps the color-singlet weak-doublet 
scalar evade the Tevatron constraints on the ii production cross section is at work also at the LHC. Thus, 
no sizable distortion of the differential or inclusive ti production cross section is expected at the LHC. 



'^We thank Jure Zupan and Alex Kagan for discussions on this point. 
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Figure 1: The (M, |A|) parameter space for the (l,2)_i/2 scalar, couphng the top to the up quark. Black 
(blue) curves correspond to Aj^(Af). Green (red) curves correspond to Nh{Ni). Left panel: Parameter 
space allowed by Eq. ([5]). Here, the area below the black curve, the area above the blue curve, the area 
above the green curve and the area above the upper and inside the lower red curves are ruled out by > 2cr 
by the corresponding observable. Right panel: Same as on the left, but limiting the deviations on A**, Nh 
and Ni to < la. No parameter region satisfies Aj* > 0.2 and Af < 0.1 while simultaneously satisfying 
cross section constraints at one sigma. 



For instance, taking A = 0.7 and Af = 120 GeV, at the border of the allowed parameter space defined in 
Fig. [Tl produces only a ^ 30% deviation in the differential ti cross section at M^f — 1.5 TeV at the LHC. 



3 The weak doublet 

We consider a weak doublet 



$^(l,2)_i/2 



(7) 



This color-singlet can couple left-handed quarks to right-handed quarks in either the up or the down 
sector. 

3.1 Coupling to right-handed up quarks 

The relevant Lagrangian terms in the quark mass basis are given by 

£„ = -V{<i>) + [2^\i^X,jUR, + 24>- dl^{V^ X),,URj + h.c] , (8) 

where X is a complex 3x3 matrix in flavor space and V ~ Vckm- 

To account for the forward-backward asymmetry in tt production, $ needs to have an 0(1) coupling 
to ut. There are two such possibilities: X13 = 0(1) and/or X^i — 0(1). Indeed, from Fig. [T] we learn 
that A*^ > 0.2 implies 



|A|>0.6, M< 130 GeV, 



(9) 



where A refers to either X13 or X31. We could expect that a smaller A is allowed in case that both X13 
and X31 exist with similar magnitude. We will see, however, that flavor constraints imply jXisj ^ f , and 
so in practice this case cannot occur. 

Since a left-handed quark doublet is involved in the Lagrangian (|S]), there is often an interesting 
interplay between flavor constraints from the up and the down sector (see, for example, |36]). In what 
follows, in order to explore this interplay, we consider four different structures for X: 
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case I, 



case II, 



case III, 



case IV. 



(10) 

(11) 
(12) 

(13) 



When there is a single entry in X, (fp couples to a single pair of up-type (mass eigenstate) quarks, but 
(j)~ couples an up-type quark to all three down-type quarks. In contrast, when there is a single entry in 
V^ X, (p^ couples to a single up-down pair, while 0° couples a single right-handed up-type quark to all 
three left-handed up-type quarks. Consequently, a single entry in X is subject to flavor constraints from 
the down sector, while a single entry in V'X is subject to flavor constraints from the up sector. 

In general, if both case I and case II are excluded, then so will be all intermediate cases, where both 
X31 and (F^X)3i are 0(1). Similarly, in general, if both case III and case IV are excluded, then so will 
be all intermediate cases, where both Xi^ and (l/^^X)i3 are 0(1). Exceptions to these statements might 
arise in cases that there are cancellations between various contributions to flavor changing processes. Such 
cancellations indeed occur in MFV models 1371. 



3.2 Coupling to right-handed down quarks 

The relevant Lagrangian terms in the quark mass basis are given by 

Cd = -V{<i>) + [2(b+u{^X,jdRj - 24,"*dl^{V^X),jdR, + h.c. 

where X is a complex 3x3 matrix in flavor space and V = Vckm- 
Here there are only two different structures for X to consider: 



(14) 
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caseV, 



case VI, 



(15) 
(16) 



analogous to Eqs. (jlOD (case I) and ([TT|) (case II) above. Structures analogous to the cases III and IV in 
Eqs. (J12l) and (TTSl) are irrelevant here as they do not couple the top quark to the light quarks. 



To generate a sizable forward-backward asymmetry in ti production, the coupling between $ and dt 
should be of order one, A = 0{1). As seen in Table [U however, if the Lagrangian contains only the 
coupling in Eq. (ITil) then a large forward-backward asymmetry cannot be attained without violating cross 
section constraints. 

4 Flavor constraints 

In this section, we denote the masses of both the neutral and charged components of the scalar doublet 
by M. As will be seen in Section 15.11 the electroweak T-parameter constrains the splitting within the 
doublet such that the use of single scale M is valid for our discussion of flavor constraints. 

4.1 Meson mixing 

Scalar exchange can contribute to neutral meson mixing at tree level and via box diagrams. However, 
in all the cases that we consider, the constraints from tree level exchange are irrelevant. We thus focus 
on the loop contributions. These include box diagrams with two scalars and in some cases box diagrams 
with one scalar and one gauge or goldstone boson. In all of the cases relevant for our scenario, the mixed 
scalar-gauge diagrams, if exist, are parametrically suppressed by either a small quark mass insertion or 
by CKM factors compared to the diagrams with two internal scalars. 

The strongest constraints on our scenarios arise from the K and D systems. Using the analysis of 
Ref. [35|, we obtain the following constraints on (the absolute value of) our model parameters: 



D° - D^ mixine 



K ' — K mixing 



3^(4)'E^(§)-^-?At<^-l°-' ,17, 



The loop function F is given by 

The function J^ obeys 7^(1) = -I, ^(0) = 1. Constraints on the couplings of Eq. pi)) are obtained by 
replacing mu^ — > mdi and AT —> AT in Eqs. (1171) and (J18p . Somewhat stronger constraints apply from 
CP violation in the neutral D and K systems, if one assume phases of order one in the relevant scalar 
couplings. 

The constraint (J17l) is relevant, in principle, to cases II, IV and (with the above mentioned modification) 
VI. The constraint (jlSp is relevant, in principle, to cases I, III and (with the above mentioned modification) 
V. _ 

For cases I and V, the contribution to AT" — K^ is suppressed by the small CKAI combination (VtdVt* )^. 
Consequently, these cases remain unconstrained in the region of parameter space relevant for the forward- 
backward asymmetry. For cases II and VI, the contribution to 13° — D'^ is suppressed by the small CKAI 
combination (KibVj,*;,)^. Consequently, also these cases remain unconstrained in the region of parameter 
space relevant for the forward-backward asymmetry. These statements are valid even when taking into 
account the constraints from CP violation in the K and D systems. 



For case III, the constraint from K'^ — K^ mixing reads 

|A|.^(g)<4xlO-(^^)'. (20) 

thus ruhng out case III from explaining the A" . (To the best of our understanding, the model of Ref. [H] 
violates the constraint ^^ by two orders of magnitude and is therefore excluded.) 
For case IV, the constraint from D'^ — D^ mixing reads 

thus ruling out case IV from explaining the A". 

4.2 Anomalous B decays 

Anomalous b decays proceed via tree level exchange of the charged scalar, with 

^eff D -^ {X^V)l (xtF),3 [dl^un,) [u^^hj) +h.c., (22) 

or via exchange of the neutral scalar, with 

^■^^ ^ 'w^ (^^^) ■. (^^^).3 K^^^O K'^^O + ^■'^■' ^2^) 

where brackets denote SU(3)c singlets. Of particular interest are the charmless decays, h — ^ uud, b -^ uus, 
b — >■ ddd and b — ?► dds. 

Among the four limiting cases remaining to consider [cases I ([TUl) . II ([TT|) . V ([T5|) and VI p^ ] only in 
cases I and V there is a (/)-mediated tree level contribution to the decays considered here. In cases II and 
VI the scalar component coupling to the bottom quark (0~6lujj or (jP*bLd]i) has no additional coupling 
to quarks, and consequently these cases are unconstrained by B decays. 

We calculate the scalar-mediated contributions to B-meson decays into the seven final states, tt+tt^, 
7r~7r°, tt^tt", 'k~ K , ii'^K' , tt~^K~ and ir'^K . We use the operator basis as defined in Ref. [35] ■ At the 
scale M, the effective Hamiltonian terms ([^^ and (P5| correspond to the Og and Og operators, 

3e 



Oi'^ = 4 ^ {btrdMf,) {fnl.qRo) , 0« = 4 ^ ^ {birdu^) {fnl.qRo) , (24) 

where "He// 3 X!^ ( -^6 ^6 ^^ ^s ^8 ) ■ -^^ ^^^*^ -^' these operators are generated with coefficients 

In case V, these operators are generated with coefficients 



Table 2: Branching ratios for the relevant charmless B decays. For the experimental result, we provide 
the central value [H]. The experimental errors are at most of order 10%. For case I, the results scale 
*^ "* , where M is the mass of the charged scalar. For case V, the results scale with 



lTl4 /' M ^-4 



\250GoV^ 



, where M is the mass of the neutral scalar. 



Branching ratio 


Exp. value 


case I 


case V 


S" ^ ^+7r- 


5.1 X 10-6 


2.0 X 10-4 


6.9 X lO-'^ 


B- -^ tt-ttO 


5.7 X 10-6 


5.9 X 10-5 


5.9 X 10-5 


# ^ ^Ott" 


1.6 X 10-6 


6.5 X 10-6 


4.8 X 10-5 


B- -^ n-K° 


2.3 X 10-5 


7.4 X 10-6 


4.7 X 10-3 


B- -^ 7t"K- 


1.3 X 10-5 


1.2 X 10-3 


1.5 X 10-"* 


^^n+K- 


1.9 X 10-5 


4.6 X 10-3 


1.6 X 10-5 


^^n^Tf 


9.5 X 10-6 


1.7 X lO-'^ 


1.0 X 10-3 



QCD running from the scale M down to the scale ms is captured at leading log approximation (LLA) 
by {i = d, s) 



M), 



M) 



5z)^\mB) « l.^5z)^\M), Sz^^^me) « 1.7(5z^'^(M). 



{i)l 



Ml 



(27) 



In addition, operator mixing at the ten percent level is induced, and is taken into account in our numerical 
calculations. We compute the relevant branching ratios using QCD factorization [41j . 

Comparing the flavor factor in the (/>-mediated diagrams to that in the W^-mediated tree level diagrams, 
we observe that the former is mildly enhanced in 6 — > uud, but strongly enhanced in 6 — )■ uus: 



VtbVtd 



VubVud 



2.5, 



VtbVts 



VubVus 



50. 



(28) 



In Table [2] we provide a full list of the branching ratios for the relevant B decays. For each process, we 
present the experimental value, taken from Ref. [42,, and the scalar-mediated contributions calculated for 
M = 250 GeV and lAI = 1. 



In case I, in all modes except B 



^ K n , the (?!)-mediated contribution, with |Ap (t 



M 



>250GcVy — ^(l)j 

as required to explain v4** , is significantly larger than the experimental value. The strongest enhancement 
applies to BR{B —> n^K^), where the scalar contribution is a factor of about 240 above experimental 
bounds. The flavor ratio in Eq. ((28)) provides an enhancement of about three orders of magnitude, but 
the heavier scalar mass sets off part of this enhancement. (To the best of our understanding, the model of 
Ref. |14| enhances the b — ^ uus transitions by about two orders of magnitude and is therefore excluded. 
This point was made in Ref. [IS] which considers, however, the branching ratio for B+ -^ n^K^ . This 
decay is a 6 — >■ dds transition that is only generated by RGE effects. Thus this channel puts only mild 
constraints on the model, in comparison to 6 — > uus transitions.) 



■-fA 



In case V, in all modes except B 



and B 



■K^ K . the scalar- mediated contribution, with 



M 



1^1 1 . „-„ „ y I = 0(1), as required to explain ^", is significantly larger than the experimental value. 



The strongest enhancement applies to BR(i?" ^ K tt" ) , where the scalar contribution is enhanced by a 

factor of about 200 above the experimental bound. 

We conclude that charmless B decays exclude the possibility that A" is accounted for by a weak 

doublet scalar with couplings of type I or V. We thus find that only cases II and VI survive the constraints 

from fiavor changing processes and can provide a viable mechanism for A** . 



In principle, we can consider the scalar couplings of cases II and VI simultaneously. The relevant part 
of the Lagrangian is then: 

C D 2\ql^<^UR + \ql^MR + h.c. (29) 

= 2\iu{^V,b<p°UR + b^-UR) + 2~X{ul^V^b<p+dR - 6[0°*dfl,) + h.c. 

Integrating out the scalar field, we get (among others) the following interesting four-quark terms; 

^'=« == --2^(^L^fl)("L^fl) - -—r-ib{dR){u{^UR), (30) 

where toq and rn+ denote the masses of, respectively, the neutral and charged scalars. These terms lead, 
in particular, to 6 — >■ ucd decays, with CKM suppression by a factor of Vcb ^ 0.04. In contrast, within the 
SM, the M^-mediated diagram is CKM suppressed by VubVcd ^ 0.0008, a factor of 50 smaller. 

The hadronic modes that are described by this "wrong sign" quark transition are B^ — > ZJ+tt'^, 
B+ -^ L»°7r+, B" -^ L»°7r°, B° -^ D+tt" and the analogous modes with D ^ D* and/or with tt ^ p. (Of 
course, charge-conjugate modes are implied.) 

In the PDG [H], one finds only a single attempt to measure one of these modcf|3 [S] 

BR(B+ -^ D*+t:°) < 3.6 x 10"^ (31) 

The SM expectation, based on extracting the parameter r. 



To 2BR{B+ ^ D*+TT°) 



Y T+ BR{B° -^ D*-TT+) 
from isospin relation and two measured branching fractions. 



(32) 



fp' / BR(gP ^ Dt+TT-) 
''fD*VBR{BO^D*-Tr+) 



tan ^c^,/ r):o ::-:.( -- 0-02- (33) 



and on t+/to = 1.071 ± 0.009 and BR{B" -^ D*-n+) = (2.76 ± 0.21) x lO^^, is 

BR{B+ ^ D*+T:°f^ « 5.9 x 10"^. (34) 

Additional support that the b — )■ ucd transitions are doubly Cabibbo suppressed (DCS) can be found 
in j45], reporting on measuring CP violation in the Cabibbo favored (CF) modes i?° — > Z?*~7r+ and 
B° — >■ Z?^7r+. In their Fig. 11, one can read an upper bound of order a few percent on the ratio between 
the DCS and CF amplitudes for each of the two cases. 

Comparing the experimental bound (j31l) to the SM prediction (p4)) . we conclude that the rate is 
enhanced by no more than a factor of order 6, while Eq. ([50)) predicts enhancement by about two-to-three 
orders of magnitude, 

r(J3+ ^ D*+7:°f ^ |AAp V,b ^(mwyf (i^*+7r"|(b[dfl)(c[ufl)|i3") V 
r{B+ ^ D*+7r")S^ ~ g4 VubV^d \moJ \{D*+TTO\{bl-,^UL){clj'^dL)\BO)) 




2500^ -^ . (35) 



^Note that the range quoted, BR{_B'' — > D+tt ) = (4.6 it 0.4) X 10 ^, is not an experimental measurement, but rather a 
theoretical calculation based on a measurement of the DJ'tt~ mode |43| . 



Thus, simultaneous order one couplings to both the up-quark (case II) and down-quark (case VI) are 
excluded. 

In Section [5] we concluded that, in order to account for A", the scalar doublet should have order one 
couplings to the top and a first generation quark. In this section we found that coupling to the first 
generation quark doublet should be avoided. The order one coupling can be to either ur or dn, but not 
to both. In the language of our six limiting cases, only one of the two types II or VI is allowed by flavor 
constraints. 

5 Electroweak constraints 

5.1 The S and T parameters 

The weak doublet can contribute to the electroweak S and T parameters. The PDG constraints read [H] 

S = 0.01±0.10(-0.08), (36) 

T = 0.03±0.11(+0.09). (37) 

The central values corresponds to rrih — 117 GeV, while the shifts in parenthesis corresponds to rrih — 
300 GeV. 

We use the expressions for T and S in two Higgs doublet models from Ref. jMl. Taking the approx- 
imation of non-mixed neutral scalars, where one is degenerate with rrih and the others have a common 
mass rno, and denoting the mass of the charged component by ?7i+, we have 



T = 

S = 



1 



STTS^m^ 



ml 
irin rat 



247r 



[0 



w 



+ ^ ""0 '"o 
c^fG {z+,z+) + G (zo, 2:0)] 



where 



G{x,y) 



f{z,w) = 



1 I 2 

16 



+ 5(a; + 2/)-2(a;-2/)2+3 



r 



vf 



x-y 



In- 



[1 - 2{x + y) + {x~ yf] f{x + y- 1,1- 2{x + y) + {x - yf), 



(38) 
(39) 

(40) 
(41) 



In 



-\/w 



z+^/w 





2\/—w arctan ■ 



w > 0, 
w = 0, 
w < 0. 



The S parameter provides no meaningful constraint on the parameters of our model. The T parameter, 
on the other hand, constrains the mass splitting within the scalar doublet. The 2cr range for T gives a 
conservative bound on the maximal allowed mass splitting: 



mo 



M 



< 0.45 



250 GeV 



M 



(42) 



where M ~ \{m+ + toq). For case II (VI), A** restricts the mass mo (m+). Then, the T constraint of 
Eq. ([1^ allows the mass 771+ (m-o) to be shifted from m-o (m.+) by at most ^110 GeV. These results are 
consistent with ^47; . 

Explaining A" requires the mass of the relevant weak-doublet component to be in the range 100 — 
130 GeV. Thus, we can now justify neglecting the mass splitting between the weak-doublet components 
in the discussion of flavor constraints in Section U and the use of the benchmark value of 250 GeV: 
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• In cases III and IV, A" is generated by the exchange of both the neutral and the charged scalars, 
and so neglecting the mass splitting in the meson-mixing analysis, which led to their exclusion, is 
justified. 

• In cases I and V, ^** is generated by the exchange of one component while meson-mixing and B 
decays are sensitive to the mass of the other scalar component. There, the T-parameter serves to 
restrict the splitting so that the analysis is valid. 

• In cases II and VI, meson-mixing is generated by the same scalar component responsible for A** and 
there is no ambiguity. In the case where couplings of both type II and VI exist, the mixed B decays 
are sensitive to the masses of both scalar components. The use of a single benchmark mass value in 
the analysis is valid and the net result is unaltered. 

5.2 Rb 

Contributions to Z ^> b^hL can arise from {V"^ X)j,i or {V^ X)^i (i = 1, 2, 3) couplings via one loop diagrams 
with an internal quark and scalar. In cases II and VI, only the i = 1 terms exist. Explicitly, for case II 
the relevant coupling is A = {V^ X)^i and the internal quark is m/j, while in case VI the relevant coupling 
is A = {y^ X)^i and the internal quark is d^. 

We denote the intermediate quark masses by ?tj„ and md and the tree level Z couplings to the different 
particles by g^^, g.^ji, gdm 94,- and g^o. We neglect terms of O {mi,/M) and use g„„ + g<p- — 9dL = and 
9dR - 500 - gd^ = 0. 



To leading order in |Ap/(47r)^, we obtain the effective shift to the Z^hL^'^hL vertex for case II: 
4|A|2 



9dL 



^'{rz,ru) = 



-J''(r2,r„), 



(47r 
dxxhv 



(43) 



AP 



dxdydz5{x + y + z ~ 1) 



9ll.R 
l9dL 



In 



A„ 



AP 



zyrz 



9£_ 

9dL 



In 



AP 



with 



A a I /I \ A a A a 

jj^ — X -\-ru(L — X), jj^ — Jr^ 



ml/M' 



-rzzy, Ai, = Aa{x ^ I- x), 
rz = m|/M^ 



(44) 



For case VI, we obtain 



Sgd 



9dr 



S9d 



VI 



9dL 



(A -^ A, m„ -> nid, gun -> gdn, 94,- 



-^ 



0- 



(45) 



In addition to the shift Eq. (|^5)) (or (05])), the new scalars introduce tensor as well as imaginary vector 
terms to the Z — )■ 61,6^ amplitude. Since these other terms do not interfere with the leading SM diagram, 

they contribute only at next order in A L^ (or A L^ ) and we omit them here. 
The shift in the coupling induces a shift in Ri, according to 



6Rb 

Rb 



1.5 



S9d 



9dL 



(46) 



The experimental la bound is SRb/Rb < 0.003 [?5^ which is satisfied in our model for M > 70 GeV. Thus, 
our model parameters in both cases II and VI are unconstrained by Rb in the relevant parameter space. 
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6 Additional collider constraints 

6.1 Single top production 

DO have performed a model-independent measurement of the tbq production cross section, where g is a 
Ught quark [IBJ: 



a{pp -^ tbq + X) = 2.90 ± 0.59 pb, 

in good agreement with the SM i— channel tbq result of 2.26 ± 0.12 pb [IHl 
In the cases II and VI, single tops can be produced by the process qg 
the matrix element for such a process to be given by 



(47) 
t(j), where q = u,d. We find 



\M\'- 



IAP.9, 



2.2 rg 



gu- 



U 
S 



2{i+S){i+u) 



-r^(Af2 



m^) 



(48) 



where M — ttiq. For the process gd — > i0^ the replacement A — > A should be made, and M — to_|_. The 
parton level Mandelstam variables obey u + i + s ^ AP — mf . 

Note, however, that in case II, </>" that is produced together with the top quark will decay into an 
up-sector quark and an up-sector antiquark. In case VI, (/>" that is produced with the top quark, will 
decay into the down quark and an up-sector antiquark. In either case, the scalar doublet will not decay 
into a bottom (anti)quark. 

In principle, such a process might still be constrained by the tbq measurement, since the data used in 
the analysis included a singly 6-tagged sample as well. We find that the cross section for the production of 
t(j) is sizable, of order 3 pb in the allowed parameter space for A**. Single top production can then become 
competitive with the other top- related constraints (tt cross section and A**). 

Additionally, the CMS collaboration has recently reported a similar measurement at the LHC [50] : 



CTt = 84 ± 30 pb. 



(49) 



consistent with the SM t— channel result of 64.3 ± 2.2 pb [5T]. The cross section of tcj) at the LHC in the 
allowed parameter space for A** is again sizable, of order 140 — 170 pb. 

Given the complexity of the analyses in |48] and [5^ , and the different kinematics of single top pro- 
duction in our model compared to the SM, a direct comparison of the single top production cross section 
in our model to Eqs. (|T7)) and P^ is potentially misleading. We find that a dedicated study is required 
in order to establish the applicability of the single top measurements at the Tevatron and LHC to our 
model. 

6.2 Top decay 

If the extra scalar masses are light enough, new decay channels open for the top: 



r(t^0%.) = ^(i-^) (1^.3 



n\x3.n 



In cases II and VI we then have 

6Tt 



rSM 

ST. 



5.2 1 



|A^ 



pSM 



IV 



5-2 1--4 |A| 



3i\ 



(50) 



(51) 
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using T^^ w 1.3 GeV. The direct measurement of the top-quark width puts an upper bound of Tt < 
7.6 GeV [S2]. A model-dependent indirect measurement of the total top width, from the partial decay 
width r(i — >■ Wb) measured using the t-channel cross section for single top quark production and from 
the branching fraction BR(i — >• Wb) gives F* — l-OQ^o^s GeV [S3]. We find that measurements of the top 
width do not constrain the parameter space of our model relevant for producing the forward-backward 
asymmetry. 

The above modification of the top width can effect measurements of the single top and ti production 
cross sections which typically assume SM Wb final states^ A sizable branching fraction of the top into 
three light quarks, as predicted in our scenario, might be translated into a reduction in the inferred cross 
section. This reduction effect might become comparable in magnitude to the scalar exchange contributions 
in some of the parameter space relevant for A** and cancellations may occur. A naive bound on the size 
of this effect can be obtained by assuming that the non-SM top decays completely evade the experimental 
analyses. In this limit, we find that the allowed parameter space shifts to larger values of A > 1 for roughly 
the same masses M ~ 100 — 130 GeV. The t(j) production cross section is further enhanced in this naive 
estimate, and so clarifying the applicability of the single top measurements to our model becomes more 
urgent. 

6.3 Same sign tops 

Production of same sign tops at the Tevatron due to the couplings of interest to us is negligible. The 
reason is that the same sign top production is proportional to the product of the couplings of Eq. ^TU\i 
[case I] and of Eq. (fTTj) [case II]. However, neutral meson-mixing requires that the couplings of Eq. (fTO)) 
are strongly suppressed. Thus, production of same sign tops [S3] does not constrain the parameter space 
of our models. (The contribution from weak doublet scalar exchange to same sign tops was considered in 
Ref. [12 ■ The large effects that they derive arise in the region that is excluded by flavor constraints.) 

6.4 Dijet constraints 

The weak doublet contributes to dijet production via both t— and s— channel exchange of 0". There are 
no dijet constraints on the model from the Tevatron, since for M ^ 100 — 130 GeV the Tevatron has large 
SM dijet backgrounds [55j. In principle, bounds could arise from measurements by the UA2 collaboration 
at the CERN SPS collider [SSj. However, the i— channel exchange would not have been picked up by the 
UA2 search, and the s— channel exchange is strongly suppressed by CKM factors, ^ V^j, (or Vj,, paying 
the price of one c quark pdf). We conclude that dijet constraints from pp colliders play no role here. 

As concerns the LHC, contributions to dijet production from the s— and i— channels of gu — > (7$ — > 
dijets resemble non-dominant QCD backgrounds and are not constrained by the dijet angular distribution 
studies presented by CMS [57] and ATLAS [5S]. 

7 Summary 

We investigated whether the large value reported by CDF for the forward backward asymmetry in ti 
production at large invariant mass Mfj; can be accounted for by tree level scalar exchange. We considered 
top-related measurements, flavor constraints, and electroweak precision measurements. We reached the 
following conclusions: 

• Out of the eight possible scalar representations that are relevant to ^** , only the color-singlet weak- 
doublet <I>(l,2)_i/2 can enhance A" and remain consistent with the total and differential ti cross 
section. Roughly speaking, the relevant Yukawa coupling should be 0(1), and the mass of the scalar 
should be below - 130 GeV. 



^We thank Pedro Schwaller for a comment on this point. 
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• 



Two types of couplings of $ can contribute to uu — ?> tt: Xi^q^^^tn and X^iq^^^uu. There is no 
tension with the differential or total tt production cross section. Both couplings are constrained by 
flavor physics: 

1. The Xi3 coupling is strongly constrained by K'^ — K^ and/or I?° — 1)° mixing, and so cannot 
generate a large A**. 

2. The X31 coupling is not strongly constrained by neutral meson mixing, or by Rb- If (t>~ 
couples to the three left-handed down generations with CKM-like suppression 0{Vtq), then it 
contributes to the branching ratio of B^ — >■ tt~^ K~ more than two orders of magnitude above 
the experimental bounds. If, on the other hand, the X^i coupling is carefully aligned so that 
(/)~ couples only to 6l (but not to sl and (1^), then it can be large enough to explain A**. 

$ could also affect A** by mediating dJ — >• ti with coupling X^iql^^^dR. The coupling would need 
to be bigger than the X31 coupling to overcome the small dd luminosity at the Tevatron. This is in 
tension with the ti production cross section. Again, flavor constraints are very restrictive: 

1. Similarly to the case of X31, there is no strong constraint from either neutral meson mixing or 
Rb- If 0° couples to the three left-handed down generations with CKM-like suppression 0{Vtq), 
then it contributes to the branching ratio of B~ — >■ n^ K'^ more than two orders of magnitude 
above the experimental bound. If, on the other hand, the X^i coupling is carefully aligned so 
that (/)° couples only to 6^ (but not to sl and d^), then it can be large enough to explain A**. 

2. The X31 and X31 couplings cannot be simultaneously order one, because then the upper bound 
on the branching ratio of B^ — >■ D*~^7r^ is violated by more than two orders of magnitude. 

Thus, the coupling X cannot play a significant role in explaining A**. 

• The flavor constraints that we derive might be circumvented if the contributions to flavor changing 
processes cancel against contributions from additional scalar doublets. For this to happen, special 
relations between the couplings of the various scalars must apply. Such relations might appear in 
models of minimal flavor violation. An example can be found in Ref. [TB]. (To fully satisfy the 
flavor constraints, degeneracy constraints on the scalar spectrum of this model should hold.) 

• The new physics contribution to single top production at the Tevatron and LHC is comparable to or 
larger than the electroweak SM single top production; However the event topology is different. The 
sensitivity of existing experimental searches, designed to extract SM-like event topologies, to single 
top production in the weak-doublet model is hard to assess, and a dedicated study is required. 

• No sizable distortion of the differential or inclusive tt production cross section is expected at the 
LHC. 

We conclude that the interplay between collider physics and flavor physics singles out a weak-scale 
color-singlet weak-doublet scalar, with a very non-generic flavor structure of Yukawa couplings, as the only 
viable candidate among the scalars to account for a large forward backward asymmetry in tt production. 
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A Calculating the tt production cross section 

The details of the calculation of the tt production cross section are collected here. We use the following 
(over-complete) Lorentz basis for the relevant four-fermi flavor conserving operators: 

Ov.Vt = qi'"qtjf,t, Oa,A, = q-f''-f^qijf,jh, Oa,V, - qj^j'^qht.t, Oy.A, = qj^qij^^-fH, 

(52a) 

Os,St = qq tt, Op^p, = q-f^q tjh, Op^s, = i qi^qtt, Os,p, = t m tjh, 

(52b) 

Or^Tt = qa^^qia^^t, Ot^t^ = qa'"'-f^qia'"'jh, Ot;^t, = iqa'"'j'^qta'"'t, Ot^t; = iqa^^qia^^jh, 

(52c) 

with a^" — I [7'^,7'^]. We work with the signature of Peskin and Schroeder [5^ . 

For color contraction, we use the singlet and octet projections as our basis and define: 

O'xY = iT'-t {Tni (q'rxgq,) (i'TYtti) , 0],y = ^<5^"4 {q'Tx.qj) {t'^VYtti) . (53) 

Then, the coefficients of the four-quark operators are given by 

C,s,XY = ^ {c\yO\y + c}xyO]cy) ■ (54) 

The basis Eq. (15^ does not respect SU{2)l. It is useful because interference with the SM is proportional 
toc^^Vt and4_^^^. 

The following Fierz identities are useful to our analysis: 

{^2R^4r) {^Ar^b) = \ (*i7'^^i?*2) (*37M^fl*4) , (55a) 

(^lL^4fl) (V'LV'2l) = -\ {^iI^Pl-^2) (^37M^i?*4) ■ (55b) 

Similar identities hold with L ^ R. 

We next write the relevant Lagrangian terms for each of the eight scalar representations listed in 
Eq. ([2]) , and then the effective four-fermi operators contributing to ti production generated by integrating 
out the scalar field. The effective Lagrangian defined in this way is useful also in the case of light new 
scalars. The key point here is that only a single diagram contributes to ti production cross section 
for a given representation. Thus it is straightforward to extend the effective Lagrangian to include the 
momentum dependence of the scalar propagator: One has to simply replace M^ — >■ M^ — q^ ~ iMT. 
The anti-sextet and the triplet contribute to uu — >■ tt (or dd — >■ tt) via u-channel exchange: q^ = u = 
ml — I (1 -I- /3f cos 0) — mj -I- u. The octet and the singlet contribute to uu — )• ti (or dd — >■ ti) via i-channel 
exchange: q^ = t = mf — | (1 — /3t cos 6*) — mf + i. We neglect S'f7(2)-breaking mass splittings between 
the members of the scalar multiplet. 

• Color-sextet weak-singlet $ ^ (6, 1) 4/3 

£(6,i)-4/3 ^ _M2^»j^t^ ^ \2V2X<^'^umtRj + h.c.j , (56) 

O^ -^ V20^) . (57) 
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• Color-sextet weak-singlet $ ^ (6, l)-i/3 



(58) 






M 
IA2P 



[O^.y.+OU.+^U+OU 



M2 
3SR[AiA^ 

M2 
3?[AiA^] 



[oU + ^U.-^U-^U] 



4M2 



[^i.s.+of'.p,: 



^TdTt + ^T;^Ti 



3S [A1A2] r 8 8 



5[AiA* 
4M2 



Oj,^, + ^T'Ti 



(59) 



The possibility of A1A2 ~ C(l) makes the numerical analysis of this model nontrivial. However, note 
that the coupling A2 is subject to strong constraints from flavor physics, including meson mixing and 
b decays. We simplify the analysis by imposing the conservative constraint |A2|^ (M/TeV) < 10^2 



Color-sextet weak-triplet $ ^ (6,3) 1/3 



£(6,3)„i/3 



-M^<i>*^$'!'- 



2\/2A$*^ • iqL^QLJ) + h.c. 



4ff - ^ [0v„v. + ^1^, - 0lv. - 0y„Aj + ^ X (« f^ d) 



Color-triplet weak-singlet $ ^ (3, l)-4/3 

^(3,i)-4/3 ^ _M2$,$t» + [2Ae*J''^$,Ui?jti?fc +h.c.] 



(60) 



(61) 



(62) 



£3 



eff 



^[oU+^U. + ^U+oU] 



M2 



1 



• Color-triplet weak-singlet $ ^ (3, l)-i/3 

£(3,i)_i/3 = _M2$,$t« + [2Aie^^"'^$,dfl,tKfc + 2A2e^^'=$. (qLjQLk) 



h.c] , 



(63) 



(64) 






M2 

M 

M2 






^^[■^i-^a] r.^8 ,(js 1 , 3S[AiA;] r . .^s i 

]^2 l^SaSt + *-^PdPtJ + ^2 L'-^SdPt + *-^PdSj 



SR[AiA* 
4M2 






3 [AiA* 
4M2 






V2 



(65) 
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As in the case of the qlQl couphng of the (6, l)_i representation, we simplify the analysis by 
imposing the conservative flavor physics constraint |A2|'* (M/TeV)^ < 10^^. 

• Color-triplet weak-triplet <1> ^ (3,3)_i/3 

£(3,3)_v3 = _M2$,$t» + [2Ae'J'=$, • (qLjQLk) + h.c] , (66) 

O'^-^O^y (67) 



• Color-singlet weak-doublet $^ (l,2)_i/2 

£(l,2)_i/2 = -M2$^$ + 2 



Aigl'$tffi + AaQi'^Uffi + XsQ^L^dm + h-c. 






(68) 



M2 

M 

M2 



[oU - oi.A. + olv. - o^.aJ + (i ^ 6) 



0«^^0^). (69) 

Here, some comments are in order. As found in Sectional flavor constraints imply that Ai <C 1 and 
A2A3 ^ 1, while A2 or A3 = 0(1) in order to produce the forward-backward asymmetry. We thus 
omit in (j69p terms proportional to A1A2 generating same sign tops and single top production at the 
LHC. When the spectrum of $ breaks SU{2)l, additional terms of C'(AiA2) adding to tt production 
also appear but are again suppressed and hence omitted. We similarly neglect terms of C'(A2A3) in 
the above. If one goes beyond the scope of the current work to incorporate flavor symmetries, a 
sizable Ai may become allowed, and the additional SU{2)l breaking terms should be considered as 
well. 

• Color-octet weak-doublet $ ^ (8,2) 1/2 

£(8^2)_i,, ^ -MHl<^a + 2V6 (r«)^ [\iql:<^atHj + X2Q^L^aURj + XsQ^L^adj,, + h.c] , (70) 



M 

M2 






AP 
+ (O^ -^-2V20^y (71) 

Similarly to the case of the color singlet isodoublet, SU{2)l breaking could in principle add terms 
to £(8'2)„i/2^ |-,^j^ flavor constraints imply that these terms are subleading. 
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We define the symmetric and antisymmetric partonic cross sections as follows: 



Ci 



da 

dee-— 

dc0 



± 



da 
dee-—. 
-1 dee 



For heavy NP, the dominant contributions to the cross section arise from interference with the SM: 



A'P 9 



-vv 



3^' 



AP 



as/3, 



(72) 



(73) 



with l3f ^l~ Amf/S. We take rrit = 172.5 GeV. 

Collecting the contributions from all of the operators, the differential partonic tt production cross 
section is: 



da 
dee 




1- 



X Sl,8 



^VV 



- PtCAA ce 



P' 



t „8 2 
Cyy Cg 



(74) 



[p'ic'y + 2 (1 - p'i) {cly + c\y) + 4p + c3.p + /S^ [^ g + clg) + 4 (4 + 2cttCt'T' + 2ctt'Ct't) (l - Pt) 

+ 2 [2 {eAVCVA + CyyCAA) - {csS + Cpp) (ctt + Ct'T') - {csp + Cps) [ct'T + CtT')] l^tCe 



[cy + 8 (c| + 2cttct'T' + 2ctt'Ct't)] l^tCgj, 



where 



"-{ 



-1, M— channel, 
-1, f— channel. 



(75) 



We defined 



Lastly, in writing 



c^ 



C'-p'-p ' 



' caa ' 

C'-p/'-p/ 



- C'ip/'Y' 



-\- Crprp, 



(76) 



Sl,8 {...}: 



we intend that the term in curly brackets should be summed over the two orthogonal color contractions 
defined in Eq. (p|l . 
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